1. A 10 x 10 photodiode array was used to detect stimulation-dependent absorbance changes simultaneously from many positions in the dendritic field of guinea-pig Purkinje cells which had been injected with the calcium indicator Arsenazo III in thin cerebellar slices. Signals from each element of the array were matched to positions on the cells by mapping them onto fluorescence photographs of Lucifer Yellow which had been co-injected into the cells with the Arsenazo III.
INTRODUCTION
It has become increasingly clear in recent years that the electroresponsiveness of mammalian central neurones is more complex than the original model of spinal motoneurones having passive dendrites and an axo-somatic sodium spike (Coombs, Eccles & Fatt, 1955) . The excitability of dendrites is well documented for many cells (Llina's, 1975) and it is clear that the conductances responsible for dendritic properties can be different from those found in the soma (Llina's & Hess, 1976) . Nowhere is this difference more dramatic than in cerebellar Purkinje cells. In these neurones at least seven conductances have been demonstrated, three of which are most prominent in the dendrites (Llina's & Hess, 1976; Llina's & Sugimori, 1980 a, b; Crepel & Penit-Soria, 1986) . When combined with the cable properties of the extensive dendritic arbor of these cells, these conductances produce a complex response to intrasomatic or synaptic stimulation consisting of sodium spikes originating in the soma, calcium spikes originating separately at several locations in the dendrites, and plateau potentials having components of both somatic and dendritic origin (Llinas & Sugimori, 1980a, b) .
Such a complex system cannot be analysed easily using a micro-electrode recording from only one location in the cell. Many recordings from different locations in the cell must be analysed together to get a picture of the whole cell. Indeed, when the technically difficult experiment of recording with one electrode in the soma and one in the dendrites is done, the differences between different regions become most apparent (Llinas & Sugimori, 1984) . Optical recording techniques (Grinvald, 1985; Cohen & Lesher, 1986) , when combined with electrophysiological measurements, can overcome some of the difficulties in the analysis of these complex systems. Since these optical techniques utilize dyes which reach all parts of the cell, recordings can be made from the fine dendrites as well as the soma and large dendritic branches. Also, this method is easily extended to record from many sites simultaneously by using an array of detectors positioned over different parts of the cell (Grinvald, Cohen, Lesher & Boyle, 1981) . This kind of system has previously been used to record both voltage and calcium signals simultaneously from many locations on single neurones in ganglia from several invertebrate preparations (Ross & Krauthamer, 1984;  Stockbridge  Graubard & Ross, 1985; Ross, Stockbridge & Stockbridge, 1986) . Purkinje cells, with their complex geometry and demonstrated dendritic calcium conductances (Llina's & Hess, 1976) , were an ideal preparation in which to first attempt optical recordings of calcium transients in mammalian neurones. Using the in vitro slice preparation we were able to make simultaneous absorption measurements with a 10 x 10 photodiode array from many locations in the dendritic field. The dramatic two-dimensionality ofthe Purkinje cell arborization made it particularly easy to separate signals from different parts of the cell. We found calcium signals corresponding to calcium spikes recorded in the soma all over the dendritic field. Signals from plateau potentials and climbing fibre synaptic activation were also demonstrated. Spatial variations of these signals were also clear.
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Some of these results have been previously reported in abstract form (Ross & Werman, 1986) .
METHODS
Experiments were carried out at the Hebrew University, Jerusalem, Israel. Adult guinea-pigs were decapitated with a small animal guillotine under pentobarbitone anaesthesia and 200 ,m thick sagittal slices from the cerebellum were prepared as described by Llinds & Sugimori (1980a) . After cutting, the slices were incubated for at least 1 h in oxygenated Krebs-Ringer solution at room temperature. For the experiments the slices were transferred to a Sylgard (Dow-Corning, U.S.A.)-coated recording chamber and were held in place with about ten 25 1am tungsten wire pins around the perimeter and two more in the central white matter. The chamber was placed on the stage of a Zeiss Universal microscope ) and viewed with a 10 x objective lens. Following LlinAs & Sugimori (1980a), we found it useful to have a vacuum spigot next to the lens to prevent vapour condensation on the lens. After positioning a bipolar electrode on the white matter at the base of a folium and a micro-electrode near the cell body layer we switched to a 40 x water-immersion lens (Zeiss, F.R.G., 5232814). We used a 0-9 n.a. dry substage condenser set for Kohler illumination. With this condenser, and with the stage diaphragm closed to a pinhole, we could clearly visualize the somata and primary dendrites of many Purkinje cells. This was especially true of cells in the upper half of the slice.
Krebs-Ringer solution consisted of (mM): NaCl, 124; CaCl2, 2-4; MgSO4, 1-3; NaHCO3, 26; KH2PO4, 1-2; glucose, 10; 02,95 % and C02, 5 %. The chamber, which had a volume of about 0-8 ml, was superfused with this solution at a rate of about 1 ml/min using gravity feed. When needed, tetrodotoxin (TTX) was added to the saline to a final concentration of 10-7 M. The solution in the chamber was maintained at 35 TC by a surrounding water-bath and by heating the water immersion lens with a coil of copper tubing included in the water-bath circuit. In addition, the incoming solution was warmed with a heat exchanger.
Arsenazo III (Brown, Cohen, DeWeer, Pinto, Ross & Salzberg, 1975) and Lucifer Yellow (Stewart, 1978) Measurements of calcium transients at many positions were made essentially as described previously (Stockbridge & Ross, 1984; (Hamming, 1977; Ross & Krauthamer, 1984) .
In After the experiment the shape of the cell was determined by illuminating the preparation with a 50 W mercury arc lamp and examining the Lucifier Yellow fluorescence using appropriate filters. Photographs like that shown in Fig. 1 were taken and the cell was drawn by projecting a series of through-focus negatives onto a sheet of paper. The enlarger magnification was adjusted to match the field dimensions to the map of the signals produced by the computer (Stockbridge & Ross, 1984) . The fluorescence image was also examined to determine if part of the dendritic field was cut off in the slicing procedure. All cells used in our analysis had intact dendrites.
RESULTS
Under visual control it was easy to impale and record from Purkinje cell somata.
Spontaneous somatic and dendritic spike bursts were observed. In addition, the 322 CALCIUM TRANSIENTS IN PURKINJE CELL DENDRITES well-known complex response of these cells to intrasomatic stimulation was recorded (Llinas & Sugimori, 1980a) . Some cells quickly reached a resting potential of -60 mV, but most cells required a steady injection of hyperpolarizing current to maintain this potential. This was probably because we used relatively low-resistance micro-electrodes (10-30 MQ2 when filled with 3 M-KCl) in order to inject dye into the cells.~~r bottom edge is along the bottom edge of the absorbance signal from that element. The cell was stimulated intrasomatically with a 100 ms pulse, starting 25 ms after the beginning of the absorbance traces. Eighty-seven trials were averaged. The signals were digitally low-pass filtered with a cut-off frequency of 60 Hz.
Cells which responded actively with indications of calcium spikes throughout the duration of the repetitive stimulation used in the optical experiments showed a stimulus-dependent absorbance increase at 660 or 640 nm from many positions on the dendritic arbor. Fig. 2 is a good example of the kind of record we obtained. Each trace shows the absorbance change during a 250 ms period recorded by an array element detecting from a 25 x 25 jtm2 area in the slice. The cell was stimulated intrasomatically with a 4 nA depolarizing pulse for 100 ms near the beginning ofeach trace. To obtain records with a good signal-to-noise ratio eighty-seven trials at 2 s intervals 11-2 323 W. N. ROSS AND R. WERMAN were averaged. The action potential response was similar but not exactly the same for all of these trials. Fig. 1 shows a fluorescence photograph of the cell taken after the experiment. This photograph and others taken at different depths of focus were used to trace the outline of the cell shown in Fig. 2 . It is clear that there is a good correspondence between those elements having absorbance signals and elements which imaged parts ofthe cell. There are small signals over the soma and larger signals all over the dendritic tree. Except for the axon, which may be too small to produce measurable changes, there are no locations over the cell without signals. Fig. 3 . The rising phase of a dendritic absorbance signal corresponds in time with the slower spikes in the complex response produced by intrasomatic stimulation. There is no significant absorbance increase during the time of the fast spike burst. The absorbance signal (upper trace) is the average result from 100 stimuli and was from a typical dendritic position. The electrical signal (lower trace) is from one of those stimuli and was recorded with the same time base. The neurone responded similarly but not identically to each stimulus. The traces were stored in a digital oscilloscope which produced the steps in the electrical record.
ms
Several experiments show that these absorbance signals were due to voltagedependent entry of calcium into the cells. First, there were no signals at 570 nm, the isosbestic point for the Arsenazo III-calcium reaction, and there was a small signal of opposite sign at 540 nm. These spectral properties are usually interpreted as showing that it is Ca2+ reacting with the dye and not Mg2+ or H+ ions (Baylor, Chandler & Marshall, 1982) . However, the cells could not be held long enough to obtain a complete action spectrum. Secondly, the rising phase of the absorbance signal corresponds with the time when the cell fired low-amplitude action potentials (Figs. 3 and 9A) . There was no significant increase in absorbance during the fast burst of spikes that occurred late in the stimulus period (Fig. 3) . The low-amplitude action potentials have been interpreted as being calcium dependent and the fast spikes as sodium dependent (Llinas & Sugimori, 1980a, b) . Because there was no absorbance increase during the burst of fast action potentials we are confident that 324 CALCIUM TRANSIENTS IN PURKINJE CELL DENDRITES the absorbance increases are due to increases in calcium channel conductance and not due to the small conductance to calcium of the sodium channels. This result is confirmed by the fact that the absorbance signals were still seen when TTX was added to the saline and only the calcium-dependent action potentials remained (Fig. 4) .
Because the diffusion constant of calcium is about 100 x smaller than that of Na+ or K+ ions (Blaustein & Hodgkin, 1969) , and the time to peak of the calcium signals is about the same at all positions in the dendritic field (Figs. 2 and 7) , the absorbance signals at each position reflect the entry of calcium into the cytoplasm through the membrane of that part of the cell within the area subtended by each photodiode E 100 ms Fig. 4 . TTX does not block the absorbance increase produced by intrasomatic stimulation. Before adding TTX to the saline the cell produced fast spike bursts similar to the one shown in Fig. 3 . 100 stimuli were averaged for the absorbance signal (upper trace) which was then digitally filtered with a cut-off frequency of 60 Hz. The electrical record (lower trace) is from one of these trials. During the averaging procedure the position of the spikes within the stimulus window varied which is why the absorbance signal occurs later in time than the spikes in this record.
element. If we assume that the Arsenazo III concentration is about the same throughout the cell then the linearity of the calcium-dye reaction (Miledi & Parker, 1981; Augustine, Charlton & Smith, 1985) implies that amplitude of the absorbance signal at each position is proportional to the amount of calcium entering at each position. To interpret these numbers in terms of current density would require a knowledge of the membrane area in each pixel, which is not easy to determine in such a complex cell. However, on a qualitative level records like those in Fig. 2 Fig. 2 significant signals are detected at all positions over the cell. The circles and asterisks indicate two sets of records which are shown in greater detail in Fig. 6 . 100 trials were averaged. Records were filtered with a cut-off frequency of 60 Hz.
another Purkinje cell. Although the signals are found over the entire dendritic field the time course and amplitude of the signals appear different in different regions of the cell. Differences in amplitude, of course, must be interpreted with caution because the signal size depends on dendritic area, but the differences in time course can be interpreted more directly. Fig. 6 shows normalized, superimposed signals from the two areas marked with * and 0 in Fig. 5 . The four signals from each area match closely but the rising phases of the distal traces are delayed in time by almost 7 ms (in other experiments by up to 13 ms). Since the rising phase corresponds to the time of calcium entry into the cell which is close to the time of the action potential, this displacement suggests that the calcium action potential peaks are separated in time 326 CALCIUM TRANSIENTS IN PURKINJE CELL DENDRITES by about 7 ms. This time is much too long to be due to normal propagation delay so it is likely that there is some uneven propagation between the two regions. Anatomically, this is possible since the distal signals are clustered on a branch of the dendritic tree which is separated from the main trunk. If there were a site of low channel density (or some other anomaly) on the connecting branch then propagation failure between the two regions could occur. This kind of mechanism has been proposed by Llina's & Nicholson (1971) . Fig. 6 also shows that in some parts of the dendritic field the calcium signal can return most of the way to its base-line value within 50 ms. This is faster than in any 25 ms Fig. 6 . Absorbance signals recorded from a proximal dendritic region (circles) and a distal dendritic region (asterisks) can differ in the time of their rising phase. Traces are expanded and superimposed from Fig. 5 . In each region the four signals almost coincide. But the rising phase in the distal region is delayed by about 7 ms compared to the rising phase in the proximal region. Also note that the distal signal is more than half-way to base line in less than 50 ms. Data were taken at 1 ms intervals and filtered at 200 Hz. All traces are normalized to the same amplitude.
invertebrate preparation ) and implies that calcium levels may be tightly regulated in these dendrites.
The cell shown in Fig. 2 , on the other hand, is an example where propagation does appear to occur uniformly throughout the dendritic field. In this case, as shown in Fig. 7 , the rising phases all over the dendritic field closely correspond in time.
However, even this cell shows signs of having non-uniformly propagating calcium spikes. Most of the absorbance signals in Fig. 2 have a second small peak about 50 ms after the first peak. Most likely this is due to a second calcium action potential. This second peak is not of constant amplitude throughout the dendritic field and seems to be absent from the region near the soma. This suggests that the second action potential was not uniformly evoked.
The In some cases intrasomatic stimulation resulted in calcium transients over only the proximal region of the dendrites as shown in Fig. 8 . We are confident that these restricted signals were not the result of insufficient time for penetration of the indicator dye into the distal branches since a repetition of the experiment 5 to 10 min (Llinas & Sugimori, 1980 b) . With the photodiode array we could directly record dendritic calcium signals from the plateau potential although these were at times accompanied by after-discharges of calcium spikes. Fig. 9A shows stimulated action potentials and the corresponding calcium transient recorded from a position over the dendritic field. About 15 min after this run was taken similar intrasomatic stimulation gave action potentials followed by a long-lasting plateau potential which sometimes generated additional calcium spikes (Fig. 9B, bottom) . In this case the corresponding calcium signal continued to rise for the duration of the plateau without declining at the end of the stimulation as happened without the plateau. (The plateau calcium signal does not show a sharp increase at the time of the calcium spike because this is a signal-averaged record; the spikes occurred at varying times, or not at all, on the plateau, which smoothed out the response. The stimulated spike was time-locked to the pulse resulting in a calcium signal with a sharp transition.) Fig. 10 shows the spatial distribution of the signals in Fig. 9B . The early component, related to the stimulated action potentials evoked by current, and the late component associated with the plateau and after-discharge, are widely distributed over the dendritic field. However, the amplitudes of these two components are not distributed with a constant ratio. The early component is found all over the major dendrite and its branches, while the plateau component is absent in some locations.
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Synaptic signal8
When we stimulated the white matter of the slice with brief shocks we could often record the characteristic complex responses of Purkinje cells to climbing fibre activation (Eccles, Llina's & Sasaki, 1966) . These responses were associated with optically recorded calcium transients. In most cases we could easily determine that the signals were synaptically activated and not antidromically stimulated because the Lucifer Yellow fill clearly showed that the axon from the cell was cut by the slice preparation. In addition, the voltage recordings rarely showed the characteristic electrical recording of antidromic invasion. Fig. 11 shows a montage Fig. I1 . Limited distribution of absorbance signals resulting from climbing fibre activation of a Purkinje cell. The inset shows the electrically recorded response in the soma to white-matter stimulation and a part of the corresponding optical signal from the element marked with an x. 100 sweeps were averaged and the records in the montage were digitally filtered with a cut-off frequency of 50 Hz. Note that signals are most prominent in the proximal dendritic field with little or no response in the more distal regions. signals resulting from a pair of brief shocks separated by 50 ms to the white matter. The distribution of these signals is confined to the proximal dendritic field and closely resembles the distribution of signals resulting from intrasomatic stimulation shown in Fig. 8 . Similar distributions were seen in two other preparations. However, with only three preparations it would be premature to conclude that this was the only pattern which could be synaptically evoked.
In one preparation we examined the response to a train of climbing fibre action potentials. The spatial distribution of these signals was about the same as to paired stimuli. But some locations showed a remarkable depression of calcium entry after a few stimuli while others continued to respond (Fig. 12) . It is unlikely that this recording was an artifact since neighbouring pixels to those shown in the Figure also displayed the depression or lack of it. In addition, a similar distribution was seen in this cell when the experiment was repeated. Unfortunately, we did not have the opportunity to examine this depression in other preparations.
DISCUSSION
These experiments show that it is possible to examine individual neurones from the mammalian central nervous systems in the slice preparation with optical techniques and, using a photodiode array as a detector, to record calcium changes simultaneously from all positions on the cell, including the fine dendritic processes. This kind of experiment is not restricted to Purkinje cells, although the extensive dendritic arbor of these cells made it a particularly attractive preparation. We have also recorded calcium transients from soma and dendrites of motoneurones of the dorsal vagal motor nucleus in the guinea-pig. These cells have a less extensive arborization, so it is likely that most, if not all, neurones which survive the slice procedure can be recorded from with this technique. We used slices about 200 #um thick which was more than enough to contain the full dendritic arbor of the Purkinje cells when cut sagittally. It is likely that slices of 250-300 ,tm can be used with some loss in optical signal-to-noise ratio due to light-intensity reduction and some loss in spatial resolution due to light scattering in the tissue.
We did not observe any changes in the firing patterns of impaled neurones after injecting them with Arsenazo III. Fast sodium spikes, calcium spikes and plateau potentials could be observed throughout the recording interval. In addition, the intense illumination at 640 nm caused no noticeable photodynamic damage or bleaching of the dye. The absence of effects of Arsenazo III on these mammalian neurones is consistent with its lack of deleterious effect on the many invertebrate 332 CALCIUM TRANSIENTS IN PURKINJE CELL DENDRITES neurones which have previously been examined with this dye (e.g. Ahmed & Connor, 1979; Gorman & Thomas, 1980; Graubard & Ross, 1985; .
With this technique we have been able to confirm many of the known properties of guinea-pig Purkinje cells. In addition we could provide information about the spatial distribution of calcium changes which was previously unavailable.
Location of calcium channels
Experiments such as these shown in Fig. 2 directly demonstrate that there is voltage-sensitive calcium entry all over the dendritic field, including the fine distal branches as well as the main trunks. In Fig. 2 there is a small signal over the soma. But in other experiments, such as Figs. 8, 10 and 11, there were no somatic signals. It is possible that the somatic signals in Fig. 2 are due to light scattering from large signals at the base of the dendritic tree. However, control experiments suggest that cross-talk between channels due to light scattering or defocusing of the objective should be small. So the safe conclusion is that in some cases there may be a small signal from the soma. Because the membrane area of the soma within a pixel is large compared to the surface area in pixels over the dendritic tree, it is likely that the density of calcium current which produced these signals is much larger over most of the dendritic field than in the soma. Since the calcium conductance causing the current is voltage dependent and it is known that the amplitude of the calcium spike is smaller in the soma, it is not simple to translate the difference in current densities into differences in calcium channel density. However, the amplitude of the calcium spike recorded in the soma is frequently above the threshold for activating calcium conductances in most preparations (Gorman & Thomas, 1980; Augustine et al. 1985) . Therefore, the weak signals in the soma are most likely due to a lower calcium channel density. This assumes, of course, that the properties of the calcium channels are the same all over the cell (see Llinas & Yarom (1981) and Armstrong & Matteson (1985) for recent counter examples).
Llina 's & Nicholson (1971) and Llinas & Hess (1976) observed that action potentials in in vivo Purkinje cells seemed to have many sites of initiation. This observation was confirmed in recordings from the in vitro slice preparation where it was observed that calcium spikes recorded with an electrode in the dendrites had many different amplitudes (Llinas & Sugimori, 1980 b) . With the photodiode array we could also show that dendritic calcium spikes were initiated at more than one location. Records like those in Figs. 5 and 6 show that the onset of the calcium transient, which corresponds to the time of the calcium spike, can be separated in time in different regions of the dendritic field. In addition, these records directly show which regions are firing at which time. In contrast, single intracellular recordings can only suggest that different sites exist without showing the location of spike initiation. The records in Figs. 5 and 6 suggest that the distal region on one of the branches of the Purkinje cell is firing synchronously and separately from the region on the main branch. The signal averaging procedure used in these experiments probably eliminates some of the heterogeneity in spike initiation by adding together signals from action potentials initiated at slightly different times and places. A more precise averaging procedure or a more sensitive dye (reducing the need for averaging) could probably improve the spatial resolution of spike initiation sites.
& Nicholson (1971) suggested that there might be regions in the dendritic field with high concentrations of voltage-dependent calcium channels in the membrane separated by other regions with a low density of such channels where propagation would fail. Experiments such as those shown in Figs. 2 and 5, which demonstrate calcium conductances all over the arborization, suggest that if there are uneven channel densities then either (a) they are subtle or (b) they are distributed with a finer resolution than the 25 jtm achieved in our experiments. We never saw a region with no signal within an area containing signals.
Based on these experiments with wide signal distribution we suggest that there are calcium channels in the membrane all over the dendritic field. If this is true then experiments, such as those shown in Figs. 8 and 11 , with restricted regions of signal distribution, suggest that in some cases calcium spikes, initiated either intrasomatically or synaptically, do not spread all over the dendritic field. In these cases the distribution was confined to a region near the main dendritic trunks. This is consistent with the demonstrated poor propagation of dendritic spikes into the distal branches (Llina's, Nicholson & Precht, 1969) . Of course, spikes initiated by other mechanisms, such as parallel fibre activation, could show localized responses in other regions.
We saw calcium signals from plateau potentials which were contaminated by intermittent calcium spikes, and these signals also had a widespread distribution.
Other investigators have not yet determined whether the conductances underlying spike and plateau potentials are the same. Our experiments do not illuminate this situation. Although the distribution of signals from these two potentials was different, this could result from variations in the relative potentials in different regions as well as from variations in different kinds of channel distribution. Calcium transients were also detected in response to climbing fibre synaptic activation. These changes could result from either calcium moving through synaptic channels or calcium entering as a consequence of a synaptically activated regenerative calcium response in the dendrites, or both. Since the climbing fibre-activated complex spike (Eccles et al. 1966) closely resembles the spontaneous dendritic bursts it is likely that most of the calcium signal comes from the active dendritic response although calcium entry through post-synaptic channels has been demonstrated in other preparations (Miledi, Parker & Schalow, 1980) . The distribution of these signals (Fig. 11) resembles both the distribution of some somatically evoked signals (Fig. 8) and the known distribution of climbing fibre contacts onto these cells (Larramendi & Victor, 1967) . But it remains to be determined whether the organization of dendritic excitability is designed to match the synaptic input or reflects some other aspect of the cell's physiology.
The one example of localized depression of calcium entry in response to a burst of synaptic inputs (Fig. 12) can only be considered as provocative at this point. We did not have the opportunity to explore this kind of result in detail. Previous work (Eccles et al, 1966) has shown that there is synaptic depression following trains of stimuli to climbing fibres and that this depression is not due to desensitization of post-synaptic receptors (Crepel, Dhanjal & Sears, 1982) . Therefore, this effect may be due to a localized depression of the release mechanisms from the terminals of climbing fibres.
